INTRODUCTION
Two pathways generate 29-deoxyribonucleoside triphosphates (dNTPs) used in DNA replication and repair. The predominant pathway involves de novo reduction of intracellular ribonucleoside diphosphates (NDPs) to their corresponding deoxyribonucleoside counterparts (dNDPs) by ribonucleotide reductase (RNR, Fig. 1A ) (1) (2) (3) . A complementary pathway salvages deoxynucleosides (dNs) through deoxynucleoside kinases (Fig. 1B ) (1) (2) (3) . Cells coordinate the de novo and salvage pathways such that dNTP supply matches dNTP demand for replication and repair, with minimal imbalances in dNTP pools to avoid deleterious genotoxic stress (4) .
In the de novo ribonucleotide reduction pathway, RNR functions as a rate-limiting heterotetrameric enzyme containing two active site large subunits (M1) and two small catalytic subunits [M2 or p53R2 (M2b)] (5, 6) . Protein M1, a long-lived protein, can be detected in all phases of the cell cycle (6) . An M1-M2 protein complex has been shown to reduce ribonucleotides during S phase, and the complex is abruptly degraded in late mitosis due to a KEN-box sequence promoting proteasome-dependent breakdown of M2 (7) (8) (9) . The M1-p53R2 protein complex has been detected in all phases of the cell cycle and has been suggested to act as a DNA damage response protein, with both its transcription and activity regulated by p53 (7) (8) (9) . Sources of dNTPs after DNA-damaging insults such as ionizing radiation include ribonucleotide reduction through an M1-p53R2-mediated process first and subsequently through a complementary M1-M2 mechanism (10) (11) (12) . This DNA damage response can be blocked substantially by administration of 3-aminopyridine-2-carboxaldehyde thiosemicarbazone (3-AP), a 10003 more potent RNR inhibitor than hydroxyurea currently under investigation in clinical trials (12) . Nevertheless, our hypothesis that the salvage pathway also supplies dNTPs for DNA damage repair and thus circumvents or replaces the de novo dNTP pathway when blocked is supported to the extent that salvage enzyme activation occurs after exposure to ionizing radiation (13, 14) .
In the salvage dNTP pathway, deoxynucleoside kinases act as rate-limiting dNTP supply enzymes. These enzymes [TK1 and/or dCK in the cytosol and thymidine kinase 2 (TK2) and deoxyguanosine kinase (dGK) in mitochondria, Fig. 1B ] phosphorylate deoxyribonucleosides to produce deoxyribonucleoside monophosphates (dNMPs) (15) . TK1 is S-phase specific through a mechanism similar to that of M2; the other three deoxynucleoside kinases are constitutively active across the cell cycle. Deoxynucleoside kinases are variably expressed in human normal and cancer tissues, with TK1 being elevated in cervical cancers (16) . The substrates of these salvage enzymes, deoxynucleosides, enter cells and mitochondria passively by plasma membrane equilibrative nucleoside transporters (ENTs, Fig. 1 ) (17) .
In this study, we investigated whether dNTP salvage enables enough DNA damage repair to reduce radiationmediated cytotoxicity when de novo ribonucleotide reduction is inhibited by 3-AP.
MATERIALS AND METHODS

Cell Culture and Chemicals
C33-a [human papillomavirus (HPV)-naïve, mutated p53 (codon 273 Arg-Cys)] (18) and CaSki (HPV-16 positive, wild-type p53 ) (19) cervical cancer cells were obtained from American Type Culture Collection (Rockville, MD) and cultured at 37uC in a humidified 95% air/5% CO 2 atmosphere. For culture, Eagle's minimum essential medium (Grand Island, NY) supplemented with 10% fetal bovine serum, 1% nonessential amino acids and 1% penicillin/streptomycin was used. However, for experiments, we used dialyzed medium consisting of Eagle's minimum essential medium (Grand Island, NY) supplemented with 1% nonessential amino acids, 1% penicillin/streptomycin, and 40-nm filtered 10% fetal bovine serum with ''add back'' concentrations of 0, 0.05, 0.5 or 5 mM deoxynucleosides (i.e., 1 deoxyadenosine:1 deoxycytidine:1 deoxyguanosine:1 deoxyuridine:1 deoxythymidine). As indicated, either culture medium or dialyzed medium with 0, 0.05, 0.5 or 5 mM deoxynucleosides was provided for the duration of 6-h assays done in triplicate. Chemicals used were purchased from Sigma (St. Louis, MO). 3-AP (NSC no. 663249) is an investigational agent provided to Case Western Reserve University (Cleveland, OH) under an agreement with the National Cancer Institute Cancer Therapy Evaluation Program (NCI-CTEP, Bethesda, MD). Radiation (0-10 Gy) was delivered using a 137 Cs c irradiator (J. L. Shepherd and Associates, San Fernando, CA) at a dose rate of 3.27 Gy/min.
Clonogenic Survival Assays
Exponentially growing cells were plated on 24-well dishes to yield 300 (0-6 Gy) or 1000 cells (1 Gy) per well. Cells received radiation (0, 2, 4, 6 or 10 Gy) alone or in combination with a 6-h exposure to 3-AP (5 mM), chosen because of prior pharmacokinetic data and experience (12, 20, 21) . Surviving colonies (.50 cells) stained with 0.1% crystal violet were counted after fixation in 70% ethanol 7 days after plating in the indicated medium. Colony counts were normalized to the plating efficiency of nontreated control cells.
Deoxycytidine Triphosphate Assay
Deoxycytidine triphosphate (dCTP) intracellular pools were quantified using a DNA polymerase extension assay (12) . The nucleotide template was 59-AAA GAA AGA AAG AAA GAA AGG GCG GTG GAG GCG G-39 and the primer was 59-CCG CCT CCA CCG CC-39 (Integrated DNA Technologies, Coralville, IA). A liquid scintillation counter quantified 3 H-dTTP radioactivity, with incorporation linearly related to intracellular dCTP concentration (.2.0 pmol). All cells were collected by trypsinization 6 h after irradiation (6 Gy) in the indicated medium to assay radiation-mediated change in dCTP levels with active RNR (i.e., de novo pathway competent) compared to RNR blocked by 5 mM 3-AP to isolate the salvage pathway. For manual c-H2AX focus counts, cells were grown on cover slips and exposed to radiation and 3-AP as indicated. Cells were then fixed in 3% formaldehyde for 30 min on ice 6 h after irradiation and treated with 0.1% Triton X-100 in PBS for 10 min at room temperature, then IFA buffer (PBS containing 1% bovine serum albumin, 0.1% Tween 20) . Cover slips were incubated with primary c-H2AX antibody (Millipore, 1:500) in IFA buffer for 60 min at room temperature followed by secondary horse anti-mouse antibody conjugated to Texas red (Vector Laboratories, Burlingame, CA; 1:200) for 60 min at room temperature. c-H2AX foci in each of 50 cells per treatment group were counted manually using an inverted Leitz fluorescence microscope. Images were photographed with a Spot RT digital camera.
Single Cell Electrophoresis
Aliquots of cell suspensions [volume (V) 5 10 ml] that had been irradiated with or without 3-AP were collected 6 h after irradiation with a sterile pipette for neutral single-cell gel electrophoresis (comet) assay. Single cells were loaded on agarose microgels (V 5 90 ml), lysed and electrophoresed (22 volts) for 60 min at 4uC in neutral buffer (Tris base/sodium acetate/dH 2 O). Microgels were washed, fixed with 70% ethanol for 10 min, dried and stained with commercial dye (SYBR green, Trevigen). Samples were analyzed for DNA tail moment on an inverted-type imaging cytometer (iCyte, Compucyte, Cambridge, MA) with computer-based Comet Assay IV software (Perceptive Instruments, United Kingdom).
Statistical Methods
MANOVA statistics (a 5 0.05) using a balanced complete block factorial design were calculated for a global test for differences between radiation-3-AP responses (12, 22, 23) . dCTP and c-H2AX assays were analyzed by analysis of variance (ANOVA) or t tests of significance (a 5 0.05) using SPSS Statistics 18.0. Means and standard deviations are reported for triplicate experiments.
RESULTS
Deoxynucleoside Supplementation of Standard Growth Medium
In this work, we set out to evaluate the impact of deoxynucleoside supplementation (0.05 mM) of tissue culture medium containing 10% dialyzed serum on the growth and dCTP levels in cervical cancer cells treated with radiation (Fig. 2 ). Survival after irradiation was similar in cells cultured in control or supplemented medium (CaSki, P 5 0.56; C33-a, P 5 0.32; Fig. 2A ). dCTP levels were also similar for both medium conditions (CaSki, P 5 0.91; C33-a, P 5 0.28; Fig. 2B ). Medium containing deoxynucleosidesupplemented dialyzed serum had little effect on growth and nucleoside metabolism, suggesting that serum cofactors These data indicate that filtration followed by dN supplementation does not substantially impact survival or dCTP concentrations.
dNTP SALVAGE ALLOWS DNA REPAIR WHEN RNR INHIBITED $40 nm in particle size missing from dialyzed medium did not appear to alter postirradiation growth or 6-h intracellular dCTP levels.
Effect of Deoxynucleoside Supplementation on Chemoradiosensitization in Cervical Cancer Cells
Passive diffusion of deoxynucleoside across cell plasma membranes renders serum and intracellular deoxynucleoside concentrations equal to one another (24, 25) . Accordingly, salvage of deoxynucleosides provides at least one pathway for cells to create dNTPs to facilitate repair of damaged DNA (Fig. 1) . We thus evaluated the effect of deoxynucleoside depletion and supplementation on cell survival after radiation-mediated DNA damage (Fig. 3A) . Survival of cervical cancer cells cultured in deoxynucleoside-free (0 mM) medium and treated with radiation was significantly reduced (P , 0.001) compared to irradiated cells cultured in standard medium (0.05 mM). Supplementation with 10-fold more deoxynucleosides than present in standard serum-containing medium (0.50 mM) enhanced cell survival after irradiation (P , 0.001). Supplementation with 100-fold more deoxynucleosides (5.00 mM) resulted in significantly higher cell death compared to standard (0.05 mM) medium (P , 0.001). The cytotoxicity in 100-fold excess dN resulted in cytoreduction similar to that observed in deoxynucleoside-free medium.
Similar effects were seen when survival was assessed in cells in which RNR was inhibited by 3-AP (5 mM, Fig. 3B ). As demonstrated in prior work with CaSki and C33-a cervical cancer cells (12, 20) , radiation and 3-AP treatment caused greater cytoreduction than radiation alone (P , 0.01 in each case). A pattern of reduced survival with deoxynucleoside-free medium (0 mM, P , 0.001) and enhanced survival with 103-supplemented medium (0.50 mM, P , 0.001) was found after irradiation and 3-AP treatment (Fig. 3B) . Considerable reduction in cell survival (P , 0.001) was noted after irradiation and 3-AP with 100-fold deoxynucleoside (5 mM) medium compared to standard ( 0.05 mM) medium. With 10-fold deoxynucleoside supplementation promoting survival and the absence of deoxynucleosides reducing survival, it is clear that intracellular deoxynucleosides can be used to complement de novo synthesis of dNTPs for DNA damage repair. It is also reasonable to conclude that deoxynucleoside salvage provides a mechanism of dNTP supply for repair of DNA damage in the face of inhibition of RNR and hence inactivation of the de novo dNTP supply pathway.
Pathways of Deoxynucleoside Triphosphate Generation after DNA Damage
Intracellular dNTPs drawn upon for DNA replication and repair arise chiefly via the tightly regulated pathway of ribonucleotide reduction by RNR, although cells are capable of dN salvage as well. Previous work has shown that radiation-mediated DNA damage induces a rise in intracellular dCTP levels (12, 20) . Identification of the pathway(s) stimulated by radiation could provide important clues to the mechanism of control of DNA damage responses mediated by proteins involved in dNTP generation by de novo paths or regeneration by salvage paths. To explore this, CaSki and C33-a cervical cancer cells were incubated for 6 h after irradiation (6 Gy) or sham irradiation in deoxynucleoside-free (0 mM) or supplemented (0.05, 0.5, 5 mM) medium with or without 3-AP (5 mM) with dCTP pools measured at the end of 6 h (Fig. 4) . After radiation-induced DNA damage, cervical cancer cells exhibited an increase in dCTP concentration, consistent with prior work (12, 20) . Levels of dCTP rose after irradiation in cells cultured in deoxynucleoside-free medium compared to irradiated cells in standard medium. One possible interpretation of this is that activation of the de novo RNR pathway is stronger when salvage substrates are absent (Fig. 4A, B) . Under these same medium conditions, levels of dCTP fell after 3-AP alone or radiation plus 3-AP treatment, consistent with (1) a low contribution of salvage to regenerate consumed dNTPs when RNR is inactivated by 3-AP and (2) a predominance of RNR ribonucleotide reduction after radiation-mediated DNA damage (Fig. 4A, B) . Addition of 10-fold (0.50 mM) and 100-fold (5.00 mM) deoxynucleoside medium suppressed dCTP levels in irradiated cells compared to their corresponding cells in standard medium (P , 0.01 in irradiated treated cells; Fig. 4A, B) , perhaps suggestive of feedback allosteric inhibition of RNR by surplus dATP due to excess salvage of deoxyadenosines. When RNR is inactivated by 3-AP, deoxynucleoside supplementation provides increased dCTP levels through enhanced salvage pathway substrate whether a radiation-mediated demand for dNTPs is present or not (Fig. 4A, B) . Together, treated cervical cancer cells demonstrated a complementary means of deoxynucleoside triphosphate supply through salvage deoxynucleoside pathways when the RNR de novo ribonucleotide reduction pathway is blocked. The effect of deoxynucleoside depletion or supplementation on radiation-mediated DNA damage repair was investigated by resolution time course analysis of H2AX phosphorylation at Ser-139 (c-H2AX) as a signal of DNA damage. Prior work has shown that the peak of the c-H2AX signal occurs ,1 h after irradiation; resolution of the c-H2AX signal indicates DNA damage repair, with usual return to baseline levels ,3 h after irradiation (26) . Here, cells were treated with radiation (6 Gy), 3-AP (5 mM), or a combination treatment and assayed for c-H2AX at 0, 120, 240 and 360 min after irradiation. Compared to cells treated with standard medium (dN 5 0.05 mM), irradiated cells with medium purged of deoxynucleosides (dN 5 0 mM) had minimal delay in resolution of radiation-induced c-H2AX signal when the de novo pathway was intact but had substantial protraction of radiation-induced c-H2AX signal when RNR activity was blocked by 3-AP (Fig. 5) . The decay slopes were 20.07%/min (0 mM) and 20.03%/min (0.05 mM) for irradiated CaSki cells and 20.06%/min (0 mM), 20.06%/min (0.05 mM) for irradiated plus 3-APtreated CaSki cells. For irradiated C33-a cells, the decay slopes were 20.07%/min (0 mM) and 20.05%/min (0.05 mM ) and 20.07%/min (0 mM) and 20.08%/min (0.05 mM) for irradiated and irradiated plus 3-APtreated C33-a cells, respectively. Addition of 10-fold (0.5 mM) and 100-fold (5 mM) deoxynucleoside medium reduced the delayed effect on c-H2AX signal decay relative to cells in standard medium (Fig. 5C-H) . Decay slopes were 20.02%/min after irradiation compared to 20.10%/min after irradiation and 3-AP for CaSki cells and 20.04%/min after irradiation compared to 20.07%/ min after irradiation and 3-AP for C33-a cells with 10-fold (0.50 mM) deoxynucleoside medium. Decay slopes were 20.03%/min after irradiation compared to 20.08%/min after irradiation and 3-AP for CaSki cells and 20.02%/min after irradiation compared to 20.06%/ min after irradiation and 3-AP for C33-a cells in 5 mM deoxynucleoside medium. As deoxynucleoside concentrations were increased above that in standard medium, resolution of c-H2AX signal was not altered after irradiation alone or combined with and 3-AP (i.e., under conditions of inactivated RNR ribonucleotide reduction), perhaps suggesting saturation of DNA polymerase l and m of DNA double-strand break repair for dNTP substrate when excess deoxynucleosides are available for salvage.
It is unclear whether loss of c-H2AX signal precisely correlated with DNA damage repair because cell sorting fluorescence techniques do not distinguish DNA damage from short-lived double-strand breaks resulting from replication forks or from cells fractionating DNA during apoptosis. As such, CaSki cervical cancer cells treated with radiation (6 Gy), 3-AP (5 mM), or both in the presence of the indicated dN medium underwent manual c-H2AX focus counts (Fig. 5) , single gel (comet) electrophoresis for DNA tail moment (Fig. 5) , and an assay for caspase 3 cleavage (Table 1) . Unlike cell sorting results, which may register up to 2% of all cells positive for c-H2AX signal (Fig. 5) , manual counts indicate that untreated cervical cancer cells had 1 or less c-H2AX-positive foci. Cells treated with radiation alone retained on average 5 c-H2AX-positive foci 6 h after irradiation. Cells treated with radiation plus 3-AP had 20 or more c-H2AX-positive foci on average 6 h after treatment. Unresolved c-H2AX-positive foci could be explained by persistent DNA double-strand breaks if 3-AP impeded their repair. Neutral comet assays were able to detect more double-strand breaks 6 h after irradiation plus 3-AP (Fig. 5) than no treatment or radiation alone, with little difference in detected tail moment attributed to differences in the dN concentration in the medium. Analysis of cleaved caspase 3 in cells 6 h after irradiation with or without 3-AP treatment confirmed the absence of significant numbers of nuclei with apoptotic signals (Table 1) . Therefore, unresolved c-H2AX-positive foci in these cells do not appear to be explained by treatment-induced apoptosis, an expected outcome since mitotic cell death is associated with radiation exposure.
DISCUSSION
Our data demonstrate that deoxynucleoside salvage facilitates DNA repair during ribonucleotide reductase blockade in human cervical cancer cell lines. As expected, inhibition of RNR by 3-AP led to increased radiation-related cytotoxicity and protracted c-H2AX signal resolution under depleted conditions or in excess deoxynucleoside medium. In contrast, withdrawal of deoxyribonucleosides from the medium when cells are actively repairing radiation-mediated DNA damage results in enhanced radiation cytotoxicity despite stimulation of de novo RNR ribonucleotide reduction to supply dNTPs to fix DNA damage.
In this study, an ''add back'' strategy was employed to control deoxynucleoside concentrations in an attempt to isolate the effect of salvage dNTP supply in DNA repair. Understanding that deoxynucleoside concentrations are equal on both sides of the plasma membrane, we first examined complete removal of deoxynucleosides through dialysis of serum. Once we established that crucial cofactors for growth and metabolism were not removed in the dialysis step (Fig. 2) , we tested whether cells were capable of repairing radiation-mediated DNA damage under conditions where salvage pathways would be expected to produce a net efflux of deoxynucleosides to the extracellular milieu. We observed that DNA damage, here induced by radiation in deoxynucleoside-free medium, stimulated the de novo RNR ribonucleotide reductase pathway to increase dCTP concentration (Fig. 4) . We also observed that deoxynucleoside depletion modestly slowed c-H2AX resolution (Fig. 5) but caused a substantial increase in radiation cytotoxicity (Fig. 3) compared to cells treated in standard medium (0.05 mM). When 3-AP was used to block the ribonucleotide reduction pathway, the effect was more pronounced.
Based on prior work where radiation-mediated DNA damage was associated with a rise in RNR activity (12, 20) , it is therefore reasonable to conclude that elevated dCTP concentrations provided by RNR may not be exclusively incorporated into DNA because cells may leach a portion of newly synthesized dNTPs as dNs. This effect perhaps would account for the cytotoxicity seen dNTP SALVAGE ALLOWS DNA REPAIR WHEN RNR INHIBITED after irradiation. When RNR is inhibited by 3-AP and the extracellular space is devoid of deoxynucleosides, it is expected that even fewer dNTPs would be incorporated into DNA (i.e., pronounced delay in c-H2AX signal resolution) and cytotoxicity would be enhanced, as observed (Figs. 3-5) . We are unable to resolve the debate regarding whether dNTPs are exclusively generated in the cytosol and diffuse into the nucleus (27) or whether RNR co-localizes with damaged DNA through a Tip60 protein-protein interaction for on-the-spot de novo supply of dNTPs (28) .
Compared to cells treated with standard medium with excess dN concentrations, we observed that radiationmediated DNA damage was associated with suppressed levels of dNTPs (Fig. 4) , moderate increases in the speed of c-H2AX resolution (Fig. 5) , and reduced radiation cytotoxicity (Fig. 3) . However, it appears that 100-fold higher dN concentrations flood intracellular dN pools, perhaps inhibiting RNR by dATP binding to its activity site to promote conditions of excess genotoxic stress. We also see that excess dN concentrations slightly speed c-H2AX resolution but that the overall throughput of DNA polymerase l and m may not be sufficiently altered, perhaps due to dNTP substrate saturation and/ or other steps being rate-limiting.
In this work, we chose to monitor resolution of DNA damage by an automated cytometry detection method for c-H2AX immunofluorescence. Such a technique affords rapid and robust (i.e., .10,000 cells gated) detection of c-H2AX immunofluorescence for cells sampled over a time course. Cells are deemed positive for c-H2AX signal if fluorescence exceeds a threshold determined by analysis of untreated cells. The technique is unable to determine the number of c-H2AX foci present. We overcame this limitation by reporting actual cell c-H2AX focus counts, which better captures the true resolution kinetics of c-H2AX foci. Future studies incorporating a rad51 marker may be able to discriminate double-strand breaks processed by homologous recombination from those processed by non-homologous end joining. Currently, our techniques are unable to monitor DNA damage and its resolution resulting from fluctuations in endogenous oxidative stress.
Cervical cancer cells showed that deoxynucleoside salvage pathways helps molecular mechanisms of DNA damage repair when ribonucleotide reductase is inhibited by 3-AP. Whether cervical cancer cell resistance to radiation, cisplatin and 3-AP treatment emerges secondary to deoxynucleoside salvage enzyme (and thus pathway flux) increases in patients is currently being monitored in a phase 2 clinical trial at the Case Comprehensive Cancer Center (NCI-CTEP protocol 8327). 
